Abstract -Electric fields applied to brain tissue will affect cellular properties. They will hyperpolarise the ends of cells closest to the positive part of the field, and depolarise ends closest to the negative. In the case of neurons this affects excitability. How these changes in transmembrane potential are distributed depends on the length constant of the neuron, and on its geometry; if the neuron is electrically compact, the change in transmembrane potential becomes an almost linear function of distance in the direction of the field. Neurons from the mammalian hippocampus, maintained in tissue slices in vitro, are significantly affected by fields of around 1-5 V m −1
INTRODUCTION
It is clear that neurons respond to electrical stimulation, and that high intensity AC electrical stimulation can have dramatic effects on brain function, for example in electroconvulsive therapy. Our aim here is to consider the effect on brain function of weak AC fields at powerline frequencies (50 or 60 Hz) and below (1) . Even when there is no direct electrical connection between an electric source and the body, electric fields can be induced in neural tissue; environmental magnetic fields can also induce electric fields in the brain. The precise relationship between electromagnetic fields in the environment and the electric fields in the body, and in particular in the brain, is complex and is considered elsewhere in this volume. Here, we review experimental investigations of the effects of applied electric fields on the acute electrophysiological activity of the brain.
DC ELECTRIC FIELDS
Several early studies showed that non-mammalian tissues were sensitive to applied weak electric fields; for instance, fields as low as 1 V m Ϫ1 affected the lobster stretch receptor (2) . Studies during the 1960s on mammalian brain in vivo showed that electric fields could modify neuronal firing and indicated the polarity of the effect (3) (4) (5) , but these phenomena were controversial (6) . Estimating thresholds for these effects proved complex, because of the difficulties in positioning the electrodes passing the current and hence in controlling the uniformity and direction of the induced voltage gradients. Where such thresholds were estimated, they were of the order of tens of V m Ϫ1 (5) . These kinds of experiment also revealed interesting long-term changes in activity (7) , an early form of long-term potentiation, which is often seen as a model of learning and memory.
During the 1970s the brain slice preparation in vitro
Contact author E-mail: j.g.r.jefferys@bham.ac.uk started to be exploited in the study of the effects of applied electric fields on brain function. Slices of around 0.4 mm thick are thin enough for oxygenation of their centres, while they are thick enough to preserve much of the local neural circuitry intact. They are kept in an aqueous physiological medium so that it is very easy to place large current passing electrodes in the solution bathing the slice in such a way that the applied field is uniform, at least at a macroscopic level. Experiments on guinea pig hippocampal slices showed that electric fields of~5 mV mm Ϫ1 can modify the excitability of neurons called dentate granule cells (8) . The linear relationship between the applied field and the physiological response (in this case, the population spike, which estimates the numbers of neurons being made to fire) is important. It means that there is no well defined threshold for an effective electric field. The figure of 5 mV mm Ϫ1 quoted in this study was relatively conservative, being based on the intersection between the response to the field and two standard deviations from the mean control response, and thus is as much due to the variability of the control response as to the strength of the effect.
Similar thresholds (5 V m Ϫ1 ) were found for DC fields applied to the CA1 region of the hippocampus (9) . Electric fields of this order could modulate low calcium field bursts (a kind of experimental epilepsy not dependent on synaptic transmission) in the same region (10) (11) (12) ; the efficacy of this phenomenon depends on the experimental model of epilepsy and on the details of the current application. Slightly higher quasistatic fields (15-20 V m Ϫ1 ) proved effective in modulating neuronal activity in slices from turtle cerebellum (13) (14) (15) . Recently, we explored these issues in more detail on the hippocampal CA1 pyramidal neuron. We confirmed the linear relationship between applied field and effect. More importantly, we were able to measure that transmembrane potential at the cell body changed by an average of 0.12 mV for each V m Ϫ1 of applied field (16) . (The transmembrane potential has to be measured between the intracellular electrode and an extracellular reference at Weizmann Institute of Science on March 15, 2016 http://rpd.oxfordjournals.org/ Downloaded from electrode in the near vicinity; normally, reference electrodes are placed some distance away in the bathing solution and would record a different potential when the electric field is applied.)
The central idea of how applied current affects neuronal activity is that it produces an extracellular voltage gradient which alters the potential difference across the membrane, with opposing polarities, at either end of the neuron (14, 17) . This induced transmembrane potential change causes current to flow across the membrane and along the inside of the neuron according to the resistances presented by the membrane and the intracellular space, which determine the length constant of the neuron. Electrotonically long neurons (i.e. with a short length constant) have changes in transmembrane potential restricted to the ends of the neurons; at other locations along such neurons, the changes in potential would be equal inside and out. Electrotonically short neurons, which probably are more typical of real mammalian brain, have a transmembrane potential change that varies linearly with distance along the axis of the applied current. In real neurons, the effects of applied fields can be significantly more complex; for instance, the locations of bending and branching of dendrites and axons can have a major impact (17, 14) . Our recent experiments show that the change in transmembrane potential is not instantaneous, but has a time constant of the order of a few tens of milliseconds. This results from the capacitance of the neuronal membrane. One implication of this is that the transmembrane potential changes induced by AC fields at 50 or 60 Hz will be attenuated from those expected for DC fields.
AC ELECTRIC FIELDS
Early studies of the effects of AC fields on hippocampal slices in vitro found a roughly similar sensitivity to those for DC fields, i.e.~5 V m Ϫ1 (9, 18) . More surprisingly, Bawin et al (9, 18) found long-term changes (Ͼ10 min) in responses following Ͻ30 s of relatively weak AC fields (as low as 0.7 V m Ϫ1 ). These longer lasting effects were independent of the direction of the field, suggesting they did not result from membrane potential changes in the soma-dendrite complex.
The time constant we found when DC fields were switched on or off led us to expect that AC fields would be less effective in modulating neuronal excitability. However, very small, but synchronous, effects on individual neurons may have substantial effects on the coordinated activity of large numbers of neurons within synaptic networks; indeed, it is clear that most, if not all, brain function depends on 'emergent properties' of neuronal networks. We therefore studied the effects of weak 50 Hz AC fields on coherent oscillations in the gamma (30-100 Hz) and beta (15-30 Hz) frequency bands. These oscillations have been associated with cognition (19) (20) (21) . Oscillations at these frequencies can be induced in slices by a range of chemical treatments (22) . We used 100 nM kainic acid to induce gamma rhythms in hippocampal slices, with a peak power at~30 Hz in the absence of applied current. Applied sinusoidal 50 Hz fields of 6-10 V m Ϫ1 (peak to peak) markedly reduced the power at this frequency, and could increase the power at lower frequencies, typically at 25 Hz. The weakest effective applied sinusoidal field was 2 V m Ϫ1 peak to peak, which resulted in small, but statistically significant, reductions in peak power. Applied fields of 1 V m Ϫ1 peak to peak had no detectable effect. We have not, so far, detected long-term changes in the oscillations following application of these AC fields. The relatively low values of the fields that can modulate kainate induced gamma rhythms supports the idea that weak effects of electric fields on large numbers of neurons can alter their collective network activity. The observation that alternate cycles of the applied field tended to entrain the excitatory phase of these gamma rhythms suggests that the effect is mediated by changes in membrane potential similar to those found with DC fields.
Brain rhythms in the gamma and beta bands in vivo are linked to cognitive functions. However, it is a large jump from finding a measurable change in chemically induced oscillations in a piece of tissue in vitro to the behaviour of intact animals, and it remains to be seen whether or not these effects are harmful. At the moment we can say that 50 Hz fields of the order of 2 mV mm Ϫ1 in brain tissue can modulate cortical oscillations.
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